Supercritical fluid technology: A reliable process for high quality BaTiO3 based nanomaterials  by Philippot, Gilles et al.
Advanced Powder Technology 25 (2014) 1415–1429Contents lists available at ScienceDirect
Advanced Powder Technology
journal homepage: www.elsevier .com/locate /aptReview paperSupercritical ﬂuid technology: A reliable process for high quality
BaTiO3 based nanomaterialsqhttp://dx.doi.org/10.1016/j.apt.2014.02.016
0921-8831/ 2014 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder Technology Japan.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
q Open Access for this article was sponsored by the Society of Powder Technology, Japan, through the Grant-in-Aid for Publication of Scientiﬁc Research Resul
Society for the Promotion of Science, 2013.
⇑ Corresponding author. Address: ICMCB-CNRS, 87 avenue du Dr. Albert Schweitzer, 33608 Pessac Cedex, France. Tel.: +33 540002672.
E-mail address: aymonier@icmcb-bordeaux.cnrs.fr (C. Aymonier).Gilles Philippot, Catherine Elissalde, Mario Maglione, Cyril Aymonier ⇑
CNRS, ICMCB, UPR 9048, F-33600 Pessac, France
Univ. Bordeaux, ICMCB, UPR 9048, F-33600 Pessac, France
a r t i c l e i n f o a b s t r a c tArticle history:
Received 6 December 2013
Received in revised form 23 January 2014
Accepted 15 February 2014
Available online 1 March 2014
Keywords:
Supercritical ﬂuids
Ferroelectric
Nanoparticle
Defects
Core–shellFerroelectrics materials have been tremendously attractive since the 40 s with the discovery of ferroelec-
tricity in metal oxide perovskite materials and more precisely in barium titanate. Due to their high poten-
tial for industrial applications, intensive research has been carried out to better understand their behavior
and develop processes to produce them. Trying to face the down scaling demand of high quality particles
towards the nanometer range, some conventional methods such as the solid state one reach their limits.
The development of other processes are thus required and the synthesis in supercritical ﬂuids can be con-
sidered as a promising alternative. This technology exhibits very interesting characteristics such as fast
continuous synthesis (few seconds) of high quality nanoparticles (well crystallized nanoparticles with
narrow size distribution) with controlled composition (Ba1xSrxTiO3 with 0 6 x 6 1) at intermediate syn-
thesis temperatures (<400 C) with the use of non-toxic solvents (water, ethanol). Reaching the nanometer
size range, the intrinsic properties of ferroelectric materials change compared to the bulk. Consequently a
deep study concerning the crystalline structure, the presence of defects and the surface chemistry of those
nanoparticles has to be achieved to control their properties for further use in functional devices.
 2014 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder
Technology Japan. This is an open access article under the CC BY-NC-ND license (http://creativecom-
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Thehistory of ferroelectricity starts in the 17th centurywhenElie
Seignette synthesized a salt of sodium potassium tartrate tetrahy-
drate (or Rochelle salt) for medical applications. It is only several
decades later that other interesting properties were discovered like
the piezoelectricity in 1880 [1], the pyroelectricity in 1824 [2] and
ﬁnally the ferroelectricity in the early 1900s [3–5]. The Second
WorldWar will be at the origin of a major progress with the discov-
ery of ferroelectricity in perovskite based ceramics. Among the dif-
ferent ceramics studied, barium titanate (BaTiO3 or BT) appeared
as one of themost promising candidatewith adielectric permittivity
(er > 1000 at room temperature)muchhigher than for others ceram-
ics such as TiO2 and CaTiO3 (er < 100 at room temperature) [6–10].
The high potential of these materials in terms of industrial
applications dragged intensive researches in order to better under-
stand and improve their properties. Nowadays such materials ﬁnd
a tremendous amount of applications which can go from speciﬁc
high technology to basic everyday life devices. They are used in
computers (ferroelectric memories), security systems (pyroelectric
sensors), optical communication devices (electro-optic ﬁlms), mi-
cro speakers (piezoelectric transducers), as passive components
in microelectronic circuits (capacitors) and so on [11].
Industry, which always pushes away boundaries in terms of de-
vices size, performance, functionalities and reliability, expects
more and more the use of low cost high quality nanopowders.
The continuous advances in microelectronics and communications
lead to the miniaturization of ferroelectric components. As an illus-
tration multi-layer ceramic capacitors (MLCC) have undergone a
remarkable size reduction for 30 years. To be able to achieve high
capacitance in a small volume (increase of the volumetric efﬁ-
ciency), the dielectric layer thickness has to be reduced while
increasing the number of layers. The dielectric thickness ranges
from 2.0 to 0.8 lm and the grain size within each layer should be-
come less than 100 nm [12–17]. However, this size decrease has a
direct impact on the dielectric properties of the material. That is
why it is critical to produce well crystallized particles with a
narrow size distribution in order to control the permittivity andClassiﬁcation of the various properties based on their crystal structure with thereduce the creation of defects during the processing and integra-
tion of these powders into electronic devices [18].
Currently there are three main synthesis processes to produce
such materials: the solid state route, the sol–gel method and the
hydrothermal process. Nevertheless, in the context of such size
down scaling, these conventional synthesis routes reach their lim-
its in terms of material characteristics but also production costs or
time, triggering the development of alternative processes. A prom-
ising approach is the synthesis of ferroelectric nanopowders using
supercritical ﬂuids; this scalable technology enables a single step
synthesis of high quality nanoparticles at moderate temperatures
(<400 C) and in tens of seconds.
This literature review presents a summary of the supercritical
ﬂuid technology interests towards nanomaterials synthesis with
a focus on the ferroelectric metal oxides. First a background con-
cerning the ferroelectricity origin is presented using the example
of BaTiO3. It is followed by a description of the most well-known
synthesis routes and their limitations in terms of expected materi-
als characteristics (size, size distribution, composition, homogene-
ity, etc.) and cost. Finally the supercritical ﬂuid technology
principle, interests and ﬁeld of applications are introduced and
illustrated with the example of BaTiO3 synthesis, characterization
and performances.
2. Origin of ferroelectricity
2.1. Background
Crystal structures can be divided into 32 classes, or point
groups, according to the number of rotational axes and mirror
planes they exhibit (Fig. 1). Amoung the thirty-two crystal classes,
twenty-one are non-centrosymmetric and of these, twenty exhibit
piezoelectricity. Only 10 of the 32 point groups are polar, having a
dipole in their unit cell, and exhibiting pyroelectricity. Finally, in-
side those ten classes few of them are going to present the ferro-
electric property which is the ability of tuning the material’s
polarization according to different stable directions applying an
electric ﬁeld [7,19].BaTiO3 
example of the paraelectric cubic perovskite structure of BaTiO3 ’Adapted from ref.
Fig. 4. Effect of barium substitution with strontium on phase transition temper-
atures ’Reprinted from ref. [23] Copyright  (2005), Elsevier’.
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G. Philippot et al. / Advanced Powder Technology 25 (2014) 1415–1429 1417As illustrated in Fig. 2, once the material is poled, switching the
orientation of the domains within the material induces a hysteresis
loop. The remanent polarization (Pr) corresponds to the material’s
polarization without an applied electric ﬁeld (E) and the saturation
polarization (PS) is reached in the high ﬁeld range. Finally, the coer-
cive ﬁeld (ECoerc.) is the switching ﬁeld [20].
2.2. Perovskite structure
The unit cell of the perovskite structure (ABO3) is presented in
Fig. 1 through the example of BaTiO3where the titaniumatomoccu-
pies the B site within the oxygens octahedron, the barium atoms are
at the corners and the oxygen atoms at the center of the faces. The
temperature at which the spontaneous polarization disappears is
called the Curie temperature, TCurie. Above 120 C, the barium
titanate has a cubic structure exhibiting a centro-symmetry with
no spontaneous dipole. Below 120 C, it turns into a tetragonal
phase, with a displacement of the Ti atoms inside the O6 octahedra
[21].
2.3. Phase transitions and dielectric permittivity
Fig. 3 shows an overview of the BaTiO3 dielectric permittivity
variations as a function of the temperature. At high temperature
BaTiO3 has a paraelectric cubic perovskite phase. As the tempera-
ture decreases, it undergoes three successive transitions to ferro-
electric phases with tetragonal, orthorhombic and rhombohedral
symmetries at respectively 120, 0 and 90 C. The maximum of
permittivity occurs at TCurie [22].
Substituting some barium atoms with strontium ones, TCurie can
be tuned across room temperature (Fig. 4) enabling an adjustmentP
Ps
E
Pr
ab
+Ecoerc.
-Ecoerc.
Fig. 2. Ferroelectric hysteresis loop with the representation of the polarization state
in the circles.
Fig. 3. Evolution of BaTiO3 dielectric permittivity according to the temperature
’Adapted from ref. [22]’.
1 2 3 4 5 6 7 80
-270
Pressure GPa
Fig. 5. BaTiO3 pressure–temperature phase diagram ’Reprinted from ref. [24]
Copyright  (1997), American Physical Society’.of the permittivity [23]. Ishidate et al. [24] experimentally demon-
strated that applying an external pressure on the material will
have a similar effect as the strontium substitution. As presented
in Fig. 5, according to the applied force direction on the material,
the geometry of the cell will be modiﬁed from a tetragonal to a cu-
bic phase at a given temperature. For example, with a pressure of
2.3 GPa they observed a phase transition from the tetragonal to
the cubic one at room temperature. The lattice contraction was
estimated at 0.023 Å comparable to the case of barium substitution
with strontium. Indeed, with 30% of barium replaced with stron-
tium the same phase transition will also occur at room tempera-
ture with an associated lattice contraction of 0.03 Å. Those two
values being close they conclude that the strontium substitution
and the pressure applied play an equivalent role concerning the
phase transition temperature variations.
2.4. Size effect
The properties of ferroelectric materials are intimately related
to the crystal structure and chemical composition. Moreover the
permittivity of BaTiO3 ceramics also strongly depends on the grain
size. Fig. 6 reports several literature works regarding the grain size
dependence on permittivity underlining the values spreading and
the strong inﬂuence of both the synthesis and sintering methods
[25].
In addition the Curie temperature decreases with the grain size,
and below 100 nm the structure is no more tetragonal at room
temperature [26,27]. Such size effect has been explained by
Fig. 6. BaTiO3 dielectric permittivity (e) as a function of grain size’ Reprinted from
ref. [25] Copyright  (2011), Elsevier’.
1418 G. Philippot et al. / Advanced Powder Technology 25 (2014) 1415–1429different models: (1) the internal stress model based on the change
in domain structure [28–30], (2) the surface stress model based on
the existence of a ‘‘dead layer’’ at the surface of the particles
[13,31,32] and (3) the nanoparticles composite structure consisting
of an inner tetragonal core, a gradient lattice strain layer (GLSL),
and a surface cubic layer [33,34]. Those different models and their
consequences on the ferroelectric properties will be developed in
the discussion section of this paper. Being focused on powder pro-
cessing, the ferroelectricity in nanocrystals etched from bulk crys-
tals will not be addressed here [35].
In this ﬁrst introductive part the ferroelectricity dependences
on the material’s crystalline structure were shown. In addition
the intrinsic properties sensitivity to the size downscaling towards
the nanometer range was highlighted. It is thus important to devel-
op synthesis methods enabling a high level of control on the mate-
rial characteristics (size, size distribution, composition, purity, etc.)
from the early stage of its processing. In the following part a state
of the art concerning the main synthesis routes is presented and
illustrated through the example of BaTiO3 synthesis.
3. BaTiO3 main synthesis routes
The challenge is to have a process enabling the large scale syn-
thesis of the material fulﬁlling the expectations in terms of charac-
teristics while keeping in mind the economic and environmental
requirements. Table 1 summarizes the most well-known synthesis
routes reported in the literature to produce metal oxide materials.
They can be divided in three categories: (1) the dry processes with
deposition (chemical vapor deposition, atomic layer deposition or
physical vapor deposition) [36–42], molten salts [43–48] and solidTable 1
Summary of the different synthesis processes with the associated material characteristics
Processes Process duration Post synthesis step Average size (
– Dry
Solid state Long Milling >1000
Molten salts Long Washing >500
Drying
Milling
Deposition Long Annealing <100
– Supercritical ﬂuids Short Drying <100
– Wet
Sol–gel Long Drying <100
Annealing
Hydrothermal Moderate Drying 20–200
Bio-inspired Long Drying <100state [7,21,49–54] methods, (2) the wet processes with sol–gel
[55–58], hydrothermal [59–74] and bio-inspired methods
[75–78] with in-between (3) the supercritical ﬂuids technology
[79–92]. In this section a focus will be done on three of those
techniques: the solid state, the sol–gel and the hydrothermal ones
for the BaTiO3 based materials synthesis.3.1. The solid state process
The solid state process is one of the oldest and simplest synthe-
sis route enabling the large scale production of a wide range of oxi-
des. It consists in mixing various carbonates or oxide powders and
calcined them for several hours at high temperatures (>1000 C). In
the case of BaTiO3 synthesis, the barium based precursor ﬁrst re-
acts at the surface of the titanium oxide and the reaction is propa-
gated toward the center by diffusion to produce single phase
BaTiO3 particles [21].
Themain strengths of this process are the low cost of the precur-
sors and the ability to produce a large amount of material at once,
however it presents someweaknesses. Theﬁnal product can contain
BaCO3 and TiO2 pollutions from unreacted precursors and a Ba2TiO4
secondary phase resulting from the high temperature reaction
[49–52]. Themechanismbeingbasedonadiffusionprocess, theﬁnal
size of the powder depends on the precursors’ size and on the ther-
mal treatment. Usually the resulting grain sizes are hundreds of
nanometers with a wide size distribution. An accurate control in
terms of stoichiometry within the produced material is hardly
achieved, this can be critical in the case ofmore complex oxides such
as barium strontium titanate. As a result, defects and compositional
inhomogeneity can occur during further processing steps leading to
a poor reliability toward materials integration into devices. To limit
those drawbacks and improve the homogeneity, the different pre-
cursors have to be as small as possible and particularly well mixed.
This leads, as apreliminary step, to the compulsoryuseof techniques
such as ballmilling [93–96]. The production of BaTiO3 nanoparticles
from BaCO3 and TiO2, using high energy milling applied on the pre-
cursors to obtain nanocrystals, led to the synthesis of 70 nm nano-
particles with a narrow size distribution [97]. However the
remaining problems, beside the supplementary milling step, are
the time duration and the occurrence of additional pollutions in
the ﬁnal material. Moreover, heating the powders above 1000 C
during several hours presents an important energy cost. Researches
have been achieved in order to overcome those problems leading to
the elaboration of versatile approaches: for example the coating of
BaCO3 with amorphous titania in the case of BaTiO3 synthesis. This
method enables a synthesis at lower temperature (around 600 C)
with a better control of the ﬁnal particles size and size distribution
(100–200 nm with narrow size distribution) [98]. However this.
nm) Defects Aggregation Homogeneity Stoichiometry
BaCO3, Ba2TiO4 Low Low Low
BaCO3 Low Moderate Moderate
BaCO3 Moderate Moderate Moderate
OH– Moderate High High
BaCO3, Ba2TiO4 Moderate High High
OH–
BaCO3 Moderate High High
OH–
BaCO3 Moderate High High
Polymer
Fig. 7. In situ neutron diffraction experiment showing of the consumption of TiO2
and growth of BaTiO3 with time ’Reprinted from ref. [61] Copyright  (2001),
American Chemical Society’.
G. Philippot et al. / Advanced Powder Technology 25 (2014) 1415–1429 1419process is not straight forward and is still time consumingmaking it
difﬁcult to be industrialized [7,53,54].
3.2. The sol–gel process
Another main synthesis route is based on the sol–gel process
which is divided in two different approaches: (1) gelation of a pow-
der colloidal solution or (2) hydrolysis and condensation of precur-
sors such as alkoxides or nitrate salts followed by a drying step.
The ﬁrst step consists in mixing the suspension of colloidal
powders adjusting the pH to prevent the precipitation in the case
of the approach (1) or mixing the precursors with water to start
the hydrolysis of the precursors in the case (2) to produce a sol.
Then, according to the targeted application, the sol can be depos-
ited on a substrate using various methods such as spin coating or
screen printing. With time the gelation of the sol appears due to
the polycondensation of the colloidal powders or of the precursors.
The gel is then dried to get the amorphous material and a ﬁnal
annealing step at 700–1000 C is compulsory to crystallize it. It en-
ables a better control of the produced nanoparticles in terms of size
(<100 nm), stoichiometry, homogeneity and purity (slight BaCO3
contamination). In this case the problem is more focused on the
use of cost effective and hazardous chemicals and on the process
duration. Moreover, the mandatory annealing step increases the
particles size. Finally, unlike the solid state synthesis which is a
dry process, the synthesis being achieved in a wet media, such
materials present –OH defects [55–58]. This last point has to be
carefully taken into account because it can affect the material’s
properties; this aspect will be presented in this paper.
3.3. The hydrothermal process
The hydrothermal term was introduced for geological purpose
in the 1800s by Sir Roderick Murchison as the action of water at
elevated temperature and pressure. The ﬁrst hydrothermal system
was set up in 1845 by Schafthaul to simulate the hydrothermal
phenomena occurring within the earth. However it is only during
the 20th century that this technology was recognized as being an
important process towards material synthesis. Such reactions are
mainly carried out in sealed stainless steel autoclaves heated above
room temperature which consequently increases the pressure
within the setup [59,60].
Usually the reaction mechanism involved in this synthesis is
based on the precursors dissolution followed by a precipitation/
crystallization of the product. Walton et al. were the ﬁrst to follow
in real time the formation of metal oxide nanoparticles in hydro-
thermal conditions using in situ neutron powder diffraction mea-
surements. In this study they focused on the BaTiO3 synthesis
starting from Ba(OD)2, 8D2O or BaCl2 precursors mixed with amor-
phous or crystallized TiO2 particles. They were able to observe ﬁrst
the dissolution of the barium precursor followed by the titanium
one before the crystallization of the BaTiO3. As evidenced in
Fig. 7 this showed that the driving force of this synthesis is based
on the solubility of the less soluble precursor (here TiO2) compared
to the insolubility of the product (BaTiO3) [61,62].
The most important parameters for those syntheses are (1) the
nature and concentration of mineralizers, (2) the temperature and
(3) the solvent. (1) Usually the mineralizers are alkaline hydroxides
or alkaline carbonates and the most often used are the sodium or
potassium hydroxides ones. According to their nature and/or con-
centrations they can affect the synthesis yield. It is important to be
careful with the use of mineralizers because sometimes the cation
can also act as a dopant in the resulting material. (2) According to
the nature of the precursors, acetate or nitrate, and so the reaction
mechanism, the temperature will or will not have an impact on the
growth behavior. (3) Finally the type of solvents used can play animportant role, the reaction occurring under pressure and temper-
ature; the variation of those two parameters changes the ﬂuid
properties. For example the use of methanol or ethanol instead
of water will change the viscosity and the thermal conductivity
of the media leading to chemical reactivity variations [60,63–68].
This technology presents different advantages: (1) it enables the
synthesis of various kinds of metal oxide nanoparticles with a good
control over their size (from few to several nanometers), size dis-
tribution and morphology, at temperatures and pressures below
200 C and 1.5 MPa respectively, (2) it is environmentally friendly
because the solvents are generally not hazardous and the operating
temperature is low (<200 C) and (3) it is low cost and reliable so it
is possible to scale up this technology toward industrial produc-
tion. However in some cases the apparition of a slight BaCO3
contamination is observable. In addition, as in the case of the
sol–gel process, the reaction being achieved in a wet media, the
presence of –OH defects is reported [60,65,69–74].
Each of these processes present different strengths and draw-
backs which are limiting to fulﬁll the materials’ down scaling
expectations (Table 1). That is why it is necessary to develop
new synthesis processes such as the supercritical ﬂuid technology
in order to suitably answer the demand.4. The supercritical ﬂuid technology, an alternative
The supercritical ﬂuid technology can be considered as an
extension of the usual synthesis routes, coupling advantages of
the ‘‘conventional’’ methods with some additional inputs making
it even more attractive. One of the most valuable one is the
enhancement of the chemical reactivity leading to a fast synthesis
(tens of second) enabling the use of continuous processes favoring
the scaling up ability toward industry.4.1. What is a supercritical ﬂuid?
4.1.1. General consideration
A supercritical ﬂuid is a single phase domain which appears
crossing the critical pressure and temperature of the considered
ﬂuid. For example in the case of water (Fig. 8) this domain appears
for pressures over 22.1 MPa and temperatures higher than 374 C.
It is important to know that the supercritical domain is not a
proper phase; it is a continuous change from the liquid phase to
the gas one. Varying the pressure and temperature it is possible
Fig. 8. Pressure–temperature phase diagram of pure water. TP is the triple point (TTP = 0 C, PTP = 612 Pa) and CP is the critical point (TCP = 374 C, PCP = 22.1 MPa). Some
isochoric curves are drawn (dotted lines) ’Reprinted from ref. [103] Copyright  (2010), Society of Chemical Industry’.
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media leading to the apparition of very interesting properties not
only for the materials synthesis [79,80,82,84,86,88,99–101] but
also for their recycling [102]. To summarize, this domain combines
some properties of the liquid phase to the ones of the gas phase
[103].4.1.2. Case of mixtures
In the case of mixtures the interactions between the molecules
of different nature induce the modiﬁcation of some properties such
as the critical pressure and temperature. Those properties are then
going to be speciﬁc to a given mixture at a well-deﬁned composi-
tion. For example in the case of water/ethanol mixtures, interesting
in the case of the ferroelectric nanomaterials synthesis, the polarity
of each species will generate hydrogen bonding between the two
types of molecules: the ethanol molecules are going to affect theFig. 9. Evolution of the critical pressures and temperatures according to water/ethanol
David et al. [108], j Bazaev et al. [105]’ Adapted from ref. [105] Copyright  (2007), Elwater molecules structure leading to changes on the critical pres-
sure and temperature of the mixture [104]. In Fig. 9 Bazaev et al.
[105] combined theoretical and experimental data from literature
[106–108] in order to predict the critical temperature and pressure
for a given water/ethanol mixture composition.
The different studies concerning the critical temperatures evo-
lution with the media composition were in very good agreement.
Concerning the critical pressures, except the study of Griswold
et al. [107] assuming a linear evolution, the different results were
also in good agreement.4.2. Principle of the nanomaterials synthesis in supercritical ﬂuids
Even if the supercritical domain is known for a long time it is
only in the early 90s that Prof. Tadafumi Adschiri ﬁrst reportedmixture composition where: d Marshal et al. [106], h Griswold et al. [107], Barr-
sevier’.
Fig. 10. General sketch of the supercritical ﬂuid process.
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water with the synthesis of cerium oxide nanoparticles [109].
The main concept of such setup (Fig. 10) is a reactor fed with
high pressure pumps and pressurized with a back pressure regula-
tor valve. The produced material can be recovered whether as a
powder using a particle ﬁlter positioned before the back pressure
regulator valve or in suspension at the outlet of the process.
This type of setup is very ﬂexible and can be tuned at will. In its
simplest conﬁguration the process will present a single line to in-
ject the precursors dissolved into the solvent. For example Slo-
stowski et al. [110] synthesized cerium oxide from ammonium
cerium(IV) nitrate solubilized in different alcohols. In this case
the heat was only increased by the heating system of the reactor.
It can be more complex, for example Hakuta et al. developed an-
other design to produce cerium oxide adding a second preheated
line [111]. The ﬁrst line feeding the reactor with the precursors
and the second one bringing preheated solvent to the reactor.
The two ﬂows are mixed at the inlet of the reactor. There the heat-
ing is mainly done by the solvent line. The heating system of the
reactor is mainly used to keep the temperature. In other cases
the setup can present several lines according to the nature of the
precursors and their solubility in the solvents used [88,91] or to
make more complex structures like hybrids [112,113].
According to the nature of the reagents and solvents used, there
are four main kinds of chemical reactions which can occur in
supercritical conditions: (1) hydrothermal reaction of metal ni-
trates or metal–organic precursors in supercritical water leading
to their hydrolysis and dehydration [79,80,86,114–116], (2) the
thermal decomposition of metal–organic precursors [84,117,118],
(3) the reduction/oxidation reactions of metal salts or metal–or-
ganic precursors [119–124] and (4) the hydrolysis/condensation
reactions known as sol–gel [91,125,126]. Adjusting the experimen-
tal conditions such as the reactor’s pressure and temperature, the
nature of the precursors and their concentration, the type of sol-
vents and the residence time within the reactor, it is then possible
to control the inorganic or hybrids (inorganic/organic) nanoparticle
design in terms of size, morphology, structure, composition, crys-
tallinity and surface properties [82,101].
4.3. Interest of the supercritical ﬂuid technology for nanoparticles
synthesis
This speciﬁc region of the phase diagram exhibits very interest-
ing properties which are intermediate between liquid and gas
phases. The solubility of the precursors being dependent on thedensity of the solvent, it is easy to optimize it changing the pres-
sure and temperature. In addition its gas like viscosity and diffusiv-
ity increases the mass and heat transfers making the reaction
kinetics faster [92]. A very important aspect is the possibility to
use this technology as a continuous process to synthesize in a sin-
gle step high quality nanomaterials (well crystallized, narrow size
distribution, pure, stoichiometric, etc.) in only few seconds and
with a good reliability [127].
This technology is also versatile enabling a controlled synthesis
of various kinds of nanoparticles such as metals (Cu, Ag, Pt, Pd, etc.)
[120–124,128–133], oxides (BaxSr1xTiO3 with 0 6 x 6 1, TiO2,
ZrO2, CeO2, Fe2O3, Cu2O, Cr2O3, Al2O3, ZnO, etc.) [91,118,125–
127,133–139], nitrides (Ni3N, Cu3N, Co2N, Cr2N, Fe4N, etc.) [118]
and more complex structures such as core shell particles
[140,141]. In those conditions of synthesis the nucleation is fa-
vored over the growth leading to the production of powder with
high speciﬁc surface area which can be very interesting for cataly-
sis or gas capture [142].
This sustainable process operates at relatively low temperature
(<400 C) and mainly uses green solvents such as water or alcohols.
Finally, it is a scalable technology toward industrial production and
the ﬁrst commercial plant is already running producing 1000 tons
per year of LiFePO4 [143].
All those aspects lead to a good compromise between the solid
state and the sol–gel syntheses and enhance the hydrothermal
one. On one side it enables the production of a large amount of
material in a reasonable duration like in the case of the solid state
process. On the other it offers a good control on the synthesized
particles in terms of size, size distribution, composition, purity
and crystallinity characteristic of the wet syntheses. In addition
it ﬁts with an environmentally friendly policy through the use
of green solvents and the moderate amount of energy needed
[18,143].
In the next part, the advantages concerning the quality of the
produced materials will be presented and illustrated through the
example of the BaTiO3/BaxSr1xTiO3 (with 0 6 x 6 1) nanoparticles
synthesis.5. Supercritical ﬂuid synthesis of barium strontium titanate
nanoparticles
Only few papers (around 10) report the synthesis of BaTiO3mate-
rial in supercritical ﬂuids and are mainly shared between two re-
search groups, the supercritical ﬂuid research center at the
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(AIST – Senday – Japan) and the supercritical ﬂuid group at the insti-
tute of condensed matter chemistry of Bordeaux (ICMCB – CNRS –
France). From those 10 papers two main approaches are presented
toward the synthesis of BaTiO3 based nanoparticles in supercritical
ﬂuids: (1) the ‘‘supercritical hydrothermal like synthesis’’ based on
hydroxide (Ba(OH)2), oxide (TiO2) or nitrate (Ba(NO3)2) precursors
or (2) the ‘‘supercritical sol–gel like synthesis’’ based on alkoxides
precursors which not only enables to synthesis BaTiO3 (as in the
case (1)) but also the barium strontium titanate (BST – Ba1xSrxTiO3
with 0 6 x 6 1) entire solid solution one.
5.1. Supercritical hydrothermal synthesis of barium titanate
Hayashi et al. reported the continuous synthesis of BaTiO3 in
supercritical water based on different types of precursors
(Ba(NO3)2, Ba(OH)2 and TiO2). For these syntheses they chose the
setup conﬁguration where a preheated line of water is used to heat
the media in order to faster the reaction when it is mixed with the
precursors at the inlet of the reactor [88]. The precursor line is not
preheated to avoid side reactions. The BaTiO3 crystallizes inside the
reactor which is under supercritical conditions and the powders
are recovered after the back pressure regulator.
One type of precursors was a mixture of TiO2 nanoparticles dis-
persion with a solution of Ba(OH)2. According to the ﬂow rate, the
conditions of pressure and temperature, the nanoparticles were
produced in time ranging from fewmilliseconds to tens of seconds.
The BaTiO3 nanoparticles average size was comprised between 10
and 50 nm and increasing the mean size increased the size distri-
bution. In the case of 50 nm particle size the distribution was
spread from 10 to 150 nm exhibiting aggregated particles with
high crystallinity. According to the conditions of pressure and tem-
perature, the crystal phase changed from the cubic to the tetrago-
nal one. To get a tetragonal phase, the temperatures ranged from
400 to 420 C and the pressure from 20 to 35 MPa. Although the
produced nanoparticles were pure, the presence of –OH defects
was pointed out.
Two reaction mechanisms similar to the most well-known ones
of hydrothermal syntheses were proposed [62]: (1) dissolution of
TiO2 precursor followed by crystallization of BaTiO3 as demon-
strated by Walton et al. [61] or (2) in situ crystallization based on
barium diffusion into TiO2 nanocrystals [81,85,87,90].
BaTiO3 was also obtained mixing Ba(NO3)2 with a dispersion of
TiO2 nanocrystals and using a residence time of 8 ms leading to
nanoparticles of 10 nm with narrow size distribution. The particles
were well crystallized but aggregated and in the cubic phase. Again
the presence of –OH defects was detected. In this case, the pro-
posed mechanism was based on the hydrolysis and precipitation
of the precursors [89,112].
The use of these types of precursors only leads to the synthesis
of BaTiO3 nanopowder. However, as presented in the following
part, the use of alkoxides enables the production of barium stron-
tium titanate nanopowders over the entire solid solution.
5.2. Supercritical sol–gel like synthesis of barium strontium titanate
Bocquet et al. were the ﬁrst to report the synthesis of BaTiO3
starting with a double alkoxide (BaTi(O-iC3H7)6) in supercritical
water/isopropanol mixture [83]. In this study the didn’t used an
extra preheated line and the temperature was only ﬁxed by the
heating system on the reactor. However, because the alkoxides
are not stable in water, two lines were used: one for the precursors
dissolved in isopropanol, the other for a mixture of isopropanol and
water. The reactor was divided in two parts: the ﬁrst one was in li-
quid phase to hydrolyze the alkoxides and the second one in super-
critical conditions to thermally treat the produced nanoparticles.These nanoparticles presented an average size of 10 nmwith a nar-
row size distribution and a speciﬁc surface of 80–90 m2/g. The in-
fra-red measurements showed –OH defects.
Based on those results, Reverón et al. combined both syntheses
using alkoxide precursors reacting in water/alcohol mixtures and a
preheated line. They ﬁrst synthesized BaTiO3 nanopowder then
demonstrated for the ﬁrst time the synthesis of the entire solid
solution of BST nanoparticles in supercritical ﬂuids
[91,125,126,144].
Barium, strontium and titanium isopropoxides were dissolved
in ethanol. The ﬂow reaction system was made of two injection
lines: one for the precursors dissolved in ethanol and the second
one for water in order to proceed to the hydrolysis of the precur-
sors. The entire system was pressurized at 26 MPa using a back
pressure regulating valve. The water line was preheated at
150 C to faster the reaction, however the injection line of precur-
sors was kept at room temperature to avoid side reactions. The
two lines were mixed at the inlet of a height meter length tubular
reactor with 16 cm3 of inner volume. The ﬁrst four meters were
heated at T1 = 150 C to enhance the hydrolysis of the precursors
and the four last meters were heated at T2 = 380 C above the crit-
ical point of the water/ethanol mixture to promote the crystalli-
zation. Using this setup the experimental parameters were
tuned for the BaTiO3 synthesis [91]. One of the most important
parameter, beside the pressure and temperature, was the ethanol
molar ratio. For an ethanol molar ratio of 0.29 pure BaTiO3 nano-
particles with a crystallinity higher than 90% were obtained. The
particles presented an average size of 41 nm with a size distribu-
tion of 13 nm. For all the materials the presence of –OH defects
was detected.
After the optimization of the experimental conditions for
BaTiO3 synthesis, the process was transferred to Ba1xSrxTiO3 (with
0 6 x 6 1) solid solution synthesis [125,126]. Increasing the stron-
tium amount leads to a decrease of the mean particle size. As
showed in Fig. 11 the average size went from 41 ± 13 nm in the
case of BaTiO3, to 25 ± 6 nm for x = 0.5 and to 19 ± 5 nm in the case
of SrTiO3.
Those materials were then uniaxially pressed into pellets and
sintered 4 four hours at 1325 C in order to measure their ferro-
electric properties [125,144]. The variation of the TCurie according
to the powder composition (strontium content) was in agreement
with the literature (Fig. 11) exhibiting the synthesis accuracy in
terms of materials composition and stoichiometry.
The relationship between the size variation and the composi-
tion of the synthesized nanoparticles being unclear, Philippot
et al. [138] performed a deep study on the nucleation and growth
of those particles synthesized in similar experimental conditions.
The precursors were the same (alkoxides) as well as the ethanol
molar ratio (0.29) however the reaction was achieved in a 24 m
reactor length pressurized at 23 MPa and heated at a temperature
of 400 C giving a residence time close to one minute. Fig. 12 con-
ﬁrms the quality of the material in terms of particle crystallinity as
well as the trend concerning the size variation according to the
composition (from 20 nm ± 6 nm for BaTiO3 to ± 16 nm ± 2 nm for
Ba0.6Sr0.4TiO3).
To understand this behavior, in situ synchrotron powder diffrac-
tion was coupled with ex situ analyses such as Fourier transform
infrared spectroscopy (FTIR), Raman spectroscopy, X-ray photo-
electron spectroscopy (XPS), X-ray diffraction (XRD) and high res-
olution transmission electron microscopy (HR-TEM). The in situ
analyses conﬁrmed the inﬂuence of the strontium substitution on
the nanoparticles growth. The ex situ analysis evidenced the pres-
ence of surface –OH defects which decrease when increasing the
barium substitution with strontium. Those defects were identiﬁed
as resulting from the dissolution of the barium and strontium.
However, the ionic bond Ba–O being considered as weaker than
Fig. 11. Effect of barium substitution with strontium on particles size and Curie temperature TC ’Adapted from ref. [125] Copyright  (2006), IOP Publishing’.
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crease the amount of dissolved ions. This will decrease the density
of surface –OH defects. The synthesis mechanism being identiﬁed
as following a sol–gel chemistry, the decrease of surface –OH will
decrease the ability of the precursor to react at the surface of the
particles and thus, limits the growth. Structural –OH defects were
also identiﬁed and tended to decrease with the increase of stron-
tium as well as the disorder due to titanium off centering at this
size range.Although this process enables the synthesis of high quality and
well crystallized nanoparticles with narrow size distribution, there
are still just few papers reporting the supercritical synthesis of
BaTiO3 or BST nanomaterials. Two main synthesis routes can be
used according to the nature of the precursors leading to different
reaction mechanisms. The one based on alkoxide precursors en-
ables more ﬂexibility than the other with the possibility to produce
the entire solid solution between BaTiO3 and SrTiO3 (Ba1xSrxTiO3
with 0 6 x 6 1). In both cases it is important to note that even if
1424 G. Philippot et al. / Advanced Powder Technology 25 (2014) 1415–1429the syntheses are achieved under pressure (around 25 MPa) it is
too low to have any consequences on the material’s structure
(Fig. 5).
Those materials fulﬁlling a part of the processing requirements,
the next section will describe their properties.2
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Fig. 13. BaTiO3 particles size effect on XRD pattern ’Adapted from ref. [149]
Copyright  (2006), Elsevier’.
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It is critical to control and understand the link between the
structure and the ferroelectric properties of the material. To do that
different analyses were achieved [138]. In the following part the
results are compared to the literature in order to conclude on their
crystal structure and defects.
6.1. Study of the nanoparticles crystalline phase
6.1.1. XRD analysis
In the framework of our work (Fig. 12a) the XRD analysis points
a cubic structure at room temperature. However the BaTiO3
structure is supposed to be tetragonal and the XRD pattern should
exhibit a splitting of the (002)/(200) peak at 2h  45. Decreasing
the nanoparticles size down to tens of nanometers, the splitting
is no longer observable. According to Fig. 13, in the case of BaTiO3
synthesized by precipitation, it is restored for nanoparticles reach-
ing a size around 200 nm [149].
The cubic state of the particles of few tens of nanometers could
also be conﬁrmed by differential scanning calorimetry (DSC)
measurements [132–136].
6.1.2. Raman analysis
Contrary to the XRD analysis which represents an average re-
sponse, the Raman technique enables a much more localized anal-
ysis. It is a very sensitive tool suitable to characterize crystal
structures and phase transitions. It detects the local dynamic sym-
metry in small regions (coherence length lower than 2 nm) making
it useful to prove non centrosymmetric local structure in apparent
pseudo-cubic nanopowders.
The Raman analysis of the BaTiO3 nanoparticles we produced is
presented in Fig. 14. It exhibits the optical modes at  305, 520 andFig. 15. TEM bright and dark ﬁeld images of four individual BT nanocrystals with differen
dominant contrast; (c) equal bright-dark color contrast with nearly homogeneous distrib
(2000), Elsevier’.720 cm1 characteristic of the tetragonal phase among other active
modes at: 180, 270, 480 and 810 cm1. This is in agreement with
other reports where the same active modes were identiﬁed
[150–152].t contrasts: (a) nearly half-bright color and half-dark color contrast; (b) bright color
ution; and (d) dark color dominant contrast ’Reprinted from ref. [153] Copyright 
Fig. 16. BaTiO3 grain size effect on (a) the volume ratio of the cubic component to the entire BaTiO3 nanopowder at 300 K, Vcubic/Vtotal and (b) TCurie ’Adapted from ref. [31,58]
Copyright  (2005), Akadémiai Kiadó, Budapest and Copyright  (2004), American Physical Society’.
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observable (180, 270 and 480 cm1) can be attributed to some
structural disorder such as titanium off centering. This off center-
ing is associated to a high surface strain applied within the struc-
ture for particles at this size range. The disorder is illustrated
Fig. 15 with the use of dark and bright ﬁeld transmission electron
microscopy (TEM) pictures. There, the variations of contrast across
a single particle correspond to a variation of strain within it [153].
In addition it was observed in Fig. 14 a decrease of the intensi-
ties of the peaks corresponding to the tetragonal phase at room
temperature while increasing the strontium amount. This is in
agreement with the literature showing a decrease of the phase
transition temperature from cubic to tetragonal toward room tem-
perature increasing the strontium amount [23]. This observation
conﬁrms the presence of a tetragonal phase.
Combining this conclusion with the one based on XRD and DSC
analyses enables to demonstrate a coexistence of the cubic and
tetragonal phases at the nanoscale. Based on the core shell model,
the next section presents how these two phases are organized in-
side the particles.Fig. 17. HR-TEM picture of hydrothermal BaTiO3 heat-treated for 2 h [166].6.2. Core–shell model
The identiﬁed strain within the nanoparticles of such size lead-
ing to changes in the domains structure is going to reduce the dis-
placement ability of the titanium in the cell [28–30]. This is a
critical parameter concerning the intrinsic properties of the mate-
rial; since it will block the phase transitions and decrease the fer-
roelectric properties.
Moreover the Raman analysis Fig. 14 pointed the presence of –
OH defects (optical mode at 810 cm1) which tends to decrease
with the increase of strontium molar ratio. The presence of those
defects is characteristic of wet synthesis routes like the sol–gel
[154–156], the hydrothermal [14,15,32,153,157,158] or the super-
critical [88–91,125] processes. They lead to the creation of barium
vacancies at the surface of the particles in order to maintain the
electroneutrality of the structure [159,160]. This stabilizes a cubic
phase at the surface of the particles [161] leading to the core–shell
model: the core of the particle being tetragonal, surrounded with acubic shell also called ‘‘dead layer’’ [13,31,32]. Some papers pro-
pose more complex development of this theory with a notion of
double layer. The core of the particles being tetragonal and the
external shell cubic with in between a gradient of lattice strain
layer (GLSL) presenting a gradient of tetragonality [33,34].
As presented in Fig. 16a, the size of the particles decreasing, the
proportion of the cubic shell increases compared to the tetragonal
core leading to a progressive loss of the ferroelectric behavior
[13,31–34].
The notion of critical size in terms of particle dimensions
was then introduced corresponding to a decrease of the
tetragonal structure with the nanoparticles size (Fig. 16b)
[12,13,15,32,153,157,162]. Many theoretical and experimental
researches have been carried out in order to deﬁne this critical
size but they led to contradictory results predicting critical sizes
going from few nanometers to several tens of nanometers
[10,26,153,58,163–165]. These differences highlight the inﬂuence
of both the synthesis and sintering conditions.
1426 G. Philippot et al. / Advanced Powder Technology 25 (2014) 1415–1429In the following, the processing of such particles toward elec-
tronic applications and the issues which have to be overcome are
discussed and illustrated with the example of MLLCs
manufacturing.
6.3. Nanoparticles processing
The processing of those nanoparticles into dense and homoge-
neous thin ﬁlms can introduce defects which can be critical espe-
cially for MLCCs application. Heating the ﬁlms up to 800 C is
going to suppress the –OH defects releasing water and leading to
the apparition of pores (Fig. 17). Those pores are going to migrate
at the grain boundaries thanks to the grain growth. In the case of
MLCCs those pores will then be accumulated at the interface be-
tween the ﬁlm and the inner electrodes leading to the apparition
of the so called ‘‘bloating effect’’ [166].
To avoid this effect, a preliminary step of dehydration is going
to be compulsory to produce high quality components. In the case
of single thin ﬁlm this aspect is less critical because an annealing
step can be achieved before the top layer deposit, enabling the
pores to be released ’Reprinted from ref. [167] Copyright 
(2004), John Wiley and Sons’.
7. Conclusion
The perovskite BaTiO3 system has been gaining a lot of atten-
tion for decades thanks to its high dielectric permittivity. Due to
the new expectations from the industry in terms of materials qual-
ity (size, crystallinity, purity, and homogeneity), amount of pro-
duction, cost and environment, the main synthesis routes reach
their limits. New processes have to be developed and the route
based on the supercritical ﬂuid technology is especially promising.
In addition to bring an answer to the materials’ quality expecta-
tions, this scalable technology enables a fast and reliable produc-
tion using green solvents and for a moderate energy cost.
Moreover this technology is versatile and not only enables the pro-
duction of oxide nanoparticles but also metals, nitrides and more
complex structures such as core shell ones. The example of the
BaTiO3 synthesis is really well illustrating the contribution which
can be brought by this technology to the industrial production of
metal oxide nanomaterials. In tens of second, well crystallized
BaTiO3 nanoparticles of 20 nm with a narrow size distribution
(±6 nm) are produced. However, reaching this size range tends to
impact the material ferroelectric properties. This leads to a critical
size where the nanoparticles are no longer tetragonal, illustrated
with the core–shell model. In addition, the presence of –OH defects
must be carefully taken into account for the processing and inte-
gration steps of those materials into devices due to their direct im-
pact on the ﬁnal performances.
The challenge is now to be able to produce dense ceramics with
those nanoparticles keeping their grain size in order to character-
ize their intrinsic ferroelectric properties. Even if noticeable pro-
gresses have been achieved, at the current state of the art, this
aim is not reached. However the use of fast sintering technologies
such as spark plasma sintering is promising and could enable to
face this challenge.
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